Faraday rotation is one of the most widely used observables to infer the strength and configuration of the magnetic field in the ionised gas of the Milky Way and nearby spiral galaxies. Here we compute synthetic Faraday rotation maps at z = 0 for a set of disk galaxies from the Auriga high-resolution cosmological simulations, for different observer positions within and outside the galaxy. We find that the strength of the Faraday rotation of our simulated galaxies for a hypothetic observer at the solar circle is broadly consistent with the Faraday rotation seen for the Milky Way. The same holds for an observer outside the galaxy and the observed signal of the nearby spiral galaxy M51. However, we also find that the structure and angular power spectra of the synthetic all-sky Faraday rotation maps vary strongly with azimuthal position along the solar circle. We argue that this variation is a result of the structure of the magnetic field of the galaxy that is dominated by an azimuthal magnetic field ordered scales of several kpc, but has radial and vertical magnetic field components that are only ordered on scales of 1-2 kpc. Because the magnetic field strength decreases exponentially with height above the disk, the Faraday rotation for an observer at the solar circle is dominated by the local environment. This represents a severe obstacle for attempts to reconstruct the global magnetic field of the Milky Way from Faraday rotation maps alone without including additional observables.
INTRODUCTION
The magnetic field in the Milky Way and in nearby disk galaxies of similar mass is in equipartition with thermal, turbulent, and cosmic ray energy densities (Boulares & Cox 1990; Beck et al. 1996; Fletcher 2010) . Therefore, understanding the magnetic field of disk galaxies is necessary to understand their dynamical evolution as well as for modelling anisotropic transport processes along magnetic field lines.
The magnetic field of galaxies is very hard to observe di-E-mail: rpakmor@mpa-garching.mpg.de
rectly. Instead, a number of indirect tracers of the magnetic field are employed to infer its properties in galaxies (for an overview see Beck 2016; Han 2017) . One widely used observational tracer is Faraday rotation of polarized radio continuum sources at frequencies of a few GHz where Faraday depolarisation is weak. It carries information about magnetic field strength as well as the structure of the magnetic field. Together with other tracers, it has been used to build and test models of the global magnetic field of the Milky Way (see e.g. Mao et al. 2010; Van Eck et al. 2011; Pshirkov et al. 2011; Jansson & Farrar 2012) . Often the magnetic field is deemed to be dominated by either a dipole or a quadrupole field on large scales as expected from idealised galactic dy- . Radial (first column) and vertical (second column) profiles of the thermal electron density (top row) and the magnetic field strength (bottom tow) of Au-6. The profiles are computed as volume weighted averages of the electron density and the volume weighted root mean square of the magnetic field strength, thereby conserving the total electron number and magnetic energy. Radial profiles are calculated within a height of 0.5 kpc above and below the midplane of the disk. Vertical profiles are calculated for 0.5 kpc < r < 1.5 kpc (straight lines) and 7.5 kpc < r < 8.5 kpc (dashed lines), respectively. The red lines show the thermal electron density inferred for the Milky Way (Yao et al. 2017) in the upper row. Of this model we include only the terms for the thin disk, the thick disk, and the Galactic center. The lower left panel also shows the radial magnetic field strength profile inferred for M101 (blue) (Berkhuijsen et al. 2016 ) and the Milky Way (red) (Beck 2001 ).
namo models (Shukurov et al. 2006) . Nevertheless many observations point to a more complex structure (Men et al. 2008; Mao et al. 2010; Planck Collaboration et al. 2016) . One major advantage of the Faraday rotation over other tracers such as polarised and unpolarised synchrotron emission, is that it does not depend on the properties of the population of cosmic ray electrons in the observed galaxy, which is typically also poorly known. Instead, it depends on the thermal electron density which can be measured independently from tracers of the ionised medium. However, interpretation of observed Faraday rotation can be non-trivial as well (Oppermann et al. 2012) , so numerical simulations of galaxies including magnetic fields are needed to better understand the observed data.
Until recently, the evolution of magnetic fields could only be simulated in idealised simulations of isolated disk galaxies (see e.g. Wang & Abel 2009; Hanasz et al. 2009; Kulpa-Dybe l et al. 2011; Rieder & Teyssier 2016; Butsky et al. 2017) ignoring their complicated evolutionary history and cosmological environment. Recently, however, highresolution cosmological simulations of disk galaxies that follow the evolution of magnetic fields from the formation of the galaxies to z = 0 have become feasible (Pakmor et al. , 2017 Rieder & Teyssier 2017) .
Here we present for the first time synthetic Faraday rotation maps for polarized background sources of a fully cosmological high-resolution simulation of a Milky Way-like disk galaxy. In Sec. 2, we summarise the main properties of the simulation. In Sec. 3, we show Faraday rotation maps of the simulated galaxy as seen by different observers and compare them to observations. In Sec. 4, we discuss the physical origin of the Faraday rotation and its implications. Finally, we conclude in Sec. 5.
SIMULATIONS
We analyse galaxies of the Auriga project (Grand et al. 2017 ) that comprises high-resolution cosmological zoom-in simulations of Milky Way-like halos. The simulations are carried out with the moving-mesh magnetohydrodynamics (MHD) code arepo (Springel 2010) . They include dark matter, stars, and black holes that are all modelled with collisionless particles. In addition, gas is evolved on an unstructured Voronoi mesh using a second-order finite volume scheme (Pakmor et al. 2016) . Gas cells move with a velocity close to their gas velocity to achieve a quasi Lagrangian description of hydrodynamics. Explicit refinement and derefinement is employed to keep the masses of all cells in the high resolution region within a factor of two of the target mass resolution (here 3-5×10 3 M , the precise value of which depends on the halo).
The Auriga simulations use a comprehensive model for baryonic processes relevant for the formation and evolution of galaxies Grand et al. 2017) . The model employs a sub-grid treatment of star formation and the interstellar medium (Springel & Hernquist 2003) . It includes atomic and metal line cooling and a spatially uniform UV background, and self-consistently evolves stellar populations leading to the injection of metals via AGB stars, core collapse supernovae, and type Ia supernovae (Vogelsberger et al. 2013 ). Supernova feedback is taken into account by a phenomenological model that launches galactic winds (Grand et al. 2017) . Moreover, we model accretion on and feedback from supermassive black holes (Springel et al. 2005) .
Magnetic fields are evolved in the approximation of ideal MHD using cell-centered magnetic fields (Pakmor et al. 2011) . To enforce the divergence constraint of the magnetic field we employ the Powell scheme (Powell et al. 1999; Pakmor & Springel 2013) . Each simulation is initialised with a homogeneous seed field at z = 127 with a physical field strength of 2 × 10 −4 µG. As shown in Pakmor et al. (2017) , the magnetic field in the galaxy is exponentially amplified to about 10% of its equipartition value between z = 7 and z = 3 by a turbulent dynamo that is driven by accretion of gas on the galaxy (see also Pakmor et al. 2014; Marinacci et al. 2015) . After the formation of a disk around z = 1 a combination of differential rotation and vertical flows in the disk then further amplifies the magnetic field to reach equipar- tition between z = 0.5 to z = 0. Its present day strength is consistent with the observed field strength of nearby disk galaxies. The magnetic field becomes ordered during its second phase of evolution after the disk has formed. It changes from the turbulent magnetic field left behind by the turbulent dynamo to a configuration that is dominated by a large-scale azimuthal field (Pakmor et al. 2017) . We include all high resolution halos in our analysis, but we focus in particular on halo Au-6 from the Auriga suite because it hosts a galaxy that closely resembles the Milky Way (Grand et al. 2017) . At z = 0 it has a halo mass of 1.0 × 10 12 M and a stellar mass of 6 × 10 10 M . It is diskdominated with a disk/total ratio of 0.78 and radial scale length of 3.2 kpc. Note that the other high resolution halos are in many respects also very similar to the Milky Way and span a range of stellar and halo masses and disk properties (Grand et al. 2017 ).
SYNTHETIC FARADAY ROTATION MAPS
The Faraday rotation measure (RM) is given by the line of sight integral of the magnetic field component along the line of sight times the local thermal electron density, i.e.
where e and me are the charge and the mass of an electron, c is the speed of light, ne is the electron density, and B || = B · l is the magnetic field component along the line of sight l. The line of sight integral starts at the position of the observer and ends at the position of a background source whose polarisation is used to measure Faraday rotation via a rotation in the direction of the polarisation. We do not attempt to generate true synthetic observables that would include depolarisation effects such as turbulent magnetic fields, RM dispersion and RM gradients along the line of sight or within the telescope beam (e.g. Beck 2016)), but for this work we use the theoretical Faraday rotation as defined above. Note, however, that depolarisation can potentially have a significant effect on the observed signal (Nixon et al. 2018) . Moreover, we only model the signal for polarised extragalactic radio sources and do not include sources in the galaxy itself (e.g. pulsars). This way we avoid potential lines of sight that stop in the galaxy and therefore only contribute parts of the signal compared to an extragalactic source. The rotation measure depends only on the thermal electron density and the magnetic field; both are readily available quantities in the simulation. We show their radial and vertical profiles for our simulated galaxy at z = 0 in Fig. 1 . For gas that is not star-forming, we can directly use the thermal electron density as calculated in the cooling module of the code. For star-forming gas, we need to take into account the subgrid model adopted by the code. This model implicitly assumes an unresolved multi-phase interstellar medium made up of a volume-filling warm phase and a number of dense cold clumps that contain most of the mass of a cell (Springel & Hernquist 2003) . To calculate the contribution to the rotation measure integral of star-forming gas we only use the gas that our subgrid model assigns to the volumefilling warm phase. We calculate the mass fraction of the warm phase as described in Springel & Hernquist (2003) and assume that it is fully ionised.
As shown in Fig. 1 , the radial electron density profile is in good agreement with recent models of the electron density of the Milky Way (Yao et al. 2017) . The main differences are that our simulated galaxy does not feature as thin a disk component as the Milky Way, which is responsible for the bump in the observed profile at r ≈ 4 kpc. The vertical electron density profile of our galaxy is consistent within a few kpc, but decreases less steeply for |z| > 5 kpc than in the Milky Way. The magnetic field strength profile is consistent with the inferred magnetic fields of nearby galaxies (Pakmor et al. 2017) . It is important to note that the rotation measure depends on the magnetic field component resulting from the projection of the full magnetic field vector on the line of sight and therefore can be positive or negative. Thus, not only does the strength of the magnetic field influence the Faraday rotation, but it is also sensitive to the detailed structure of the magnetic field.
In Fig. 2 , we show synthetic, all-sky Faraday rotation maps for observers at different positions in the midplane of the disk along a circle at the solar radius of 8 kpc (Gravity Collaboration et al. 2018) and compare them to the reconstructed Faraday map of the Milky Way (Oppermann et al. 2012 (Oppermann et al. , 2015 . The strength of the synthetic rotation measure varies from |RM | 1000 rad/m 2 in the center of the disk to |RM | 50 rad/m 2 above and below the disk and is broadly consistent with the observed values for the Milky Way with a slightly larger amplitude. This can be seen quantitatively in Fig. 3 which shows Real-space two-point correlation function for the faceon Faraday rotation maps of the simulated galaxies shown in Fig. 5 . Only pixels in the range 3 kpc < r < 20 kpc are included to avoid being dominated by the center of the galaxy and to concentrate the signal on the part that is also seen in the all-sky maps. The correlation functions are normalised to one at the smallest radial bin.
There is considerable scatter between the synthetic maps for different observers in the same galaxy. Unlike in the observed map of the Milky Way, Fig. 2 indicates a trend of decreasing size of the rotation measure in the plane of the disk with distance from the center in the synthetic maps. We also lack the large variations on the smallest scales seen in observations. Most likely this is due to limitations of our physical model that suppress the small-scale turbulent magnetic field on scales smaller than 100 pc. In particular, we do not resolve the multi-phase structure of the ISM but employ a subgrid model for the ISM (Springel & Hernquist 2003) . On the resolved scales this effective model then produces a smooth ISM. Moreover, in this model we do not add the energy input from supernovae explicitly. Instead it enters into the effective ISM and galactic wind model. Thus, our ISM is less turbulent than expected for a fully resolved multiphase ISM. Moreover, the turbulent magnetic field can be increased by local amplification from SN remnants (Butsky et al. 2017) . In principle noise in the data may also contribute to the difference, but is likely subdominant here. There are obvious qualitative differences between the different synthetic Faraday rotation maps of our simulated galaxy. Only the central part of the disk consistently shows a strong positive value on the left and a strong negative value on the right of the center, as expected for a dominant coherent azimuthal magnetic field. In contrast, the structure of the Faraday rotation measure in the outer parts of the disk and even more so above and below the disk is completely different from map to map. This statement also holds for the angular power spectra obtained from the synthetic rotation measure maps that are shown in Fig. 4 . As shown in this figure, the power spectra of the synthetic maps look similar to the power spectrum of the Faraday map of the Milky Way, although the former have an amplitude that is about a factor of 100 larger. The main source of this discrepancy in the amplitude is the stronger signal in the plane of the disk in the synthetic maps that indicates that the large-scale component of the azimuthal magnetic field in our simulation is stronger and more coherent than for the Milky Way. However, also depolarisation of the observed signal may contribute here.
The power spectra of the synthetic maps can be dominated by a dipole (e.g. ϕ = 225
• , purple, bottom left panel in Fig. 2) , by a quadrupole (e.g. ϕ = 315
• , orange, bottom right in Fig. 2 ), or by higher order multipoles (e.g. ϕ = 0
• , green, top left panel in Fig. 2 ). This strongly suggests that the synthetic Faraday rotation of our galaxy is dominated by the local signal, i.e. contributions from the region close to the observer. We will discuss this idea in more detail in Sec. 4. It is also consistent with the finding that there is no large-scale coherent vertical magnetic field at the position of the Sun in the Milky Way as inferred from the Faraday rotation measured towards the galactic poles (Mao et al. 2010) .
Synthetic Faraday rotation maps for an external observer looking at the galaxy face-on or edge-on are shown in Fig. 5 for all six high-resolution Auriga halos and M51 (Fletcher et al. 2011) and their histograms are shown in Fig. 6 . The typical amplitude of the Faraday rotation in the synthetic maps varies between the galaxies. For Au-16 and Au-24 that show the weakest signal the amplitude of the Faraday rotation maps is very similar to the observed map of M51. For Au-6 and Au-23 the amplitude is slightly larger and for Au-21 and Au-27 it is significantly larger than for M51. The histogram of RM values of M51 lies within the range spanned by our galaxies. Note however, that M51 is a few times less massive than all our simulated galaxies and that the map shown in Fig. 6 is based on the polarisation signal originating from the diffuse emission of the galaxy. Nevertheless, at the wavelength of 3cm/6cm used the depolarisation effects are small and the measurement should be comparable to our synthetic map of background sources. In all synthetic maps the structure of the signal is qualitatively consistent with the observed Faraday rotation map of M51, in particular they all show typical variation of the sign of the RM on kpc scales, although the spiral arms are emphasised a bit more strongly in the synthetic maps. For Au-6 there is a visible decrease of the strength of the Faraday rotation measure with radius in the disk. This is similar to the allsky Faraday rotation maps discussed before for an observer at the solar circle. This radial decrease does not seem to be present in the observed map of M51 or in the other galaxies and probably depends on the detailed structure of the bar and bulge of the galaxies.
This typical scale for the synthetic Faraday maps can be seen quantitatively in the two-point correlation functions of the face-on Faraday rotation maps presented in Fig. 7 . All maps show a very similar correlation function with a correlation length of about 1 kpc, where we define the correlation length ξe as the distance at which the normalised correlation function falls below 1/e. Therefore, the Faraday rotation of the galaxies viewed face-on is essentially uncorrelated already for distances of a few kpc. Note that for a perfect face-on view of the galaxy, the Faraday rotation maps only depend on the vertical component of the magnetic field. Therefore, in this case the correlation function of the Faraday rotation is closely related to the correlation function of the vertical magnetic field. In contrast, all-sky maps for observers in the galaxy always depend on all three components of the galactic magnetic field.
DISCUSSION
To understand the synthetic Faraday rotation we need to look at the structure of the magnetic field in the galaxy. The magnetic field components in cylindrical coordinates are shown in Fig. 8 . The magnetic field is dominated by its azimuthal component that is coherently oriented parallel to the velocity field for r < 5 kpc. At larger radii it still shows dominant large-scale ordering, but exhibits magnetic spiral arms with reversed orientation. Typically there are two or three reversals at a given azimuthal angle compared to one confirmed reversal in the Milky Way (Van Eck et al. 2011) . The orientation of the azimuthal magnetic field component R = 5kpc Figure 9 . All-sky Faraday rotation maps of Au-6 for an observer in the midplane of the disk at a radius of 8 kpc at an angle of ϕ = 0 degrees (see Fig. 2 ). The top panel shows the Faraday rotation map integrated to a distance of 50 kpc; the map shown in the lower panel is only integrated to a distance of 5 kpc.
is approximately constant with height at r < 5 kpc. At larger radii it is roughly constant above and below the disk, but can flip in the midplane of the disk. The vertical and radial components of the magnetic field in the midplane of the disk are weaker in strength by a factor of a few than the azimuthal magnetic field and are dominated by structures on smaller scales than the coherent disk-scale structures of the azimuthal magnetic field. In particular, the sign of the vertical and radial magnetic field changes on scales of about a few kpc. Similar to the azimuthal field component, the vertical and radial components are coherent over several kpc in the vertical direction, and their sign sometimes flips at the midplane of the disk and sometimes does not.
Importantly, even though its azimuthal component is ordered on large scales, the magnetic field of the galaxy as a whole is not dominated by a large-scale dipole or quadrupole field as expected from idealised models of a galactic meanfield dynamo (see e.g. Shukurov et al. 2006; Gressel et al. 2013; Chamandy et al. 2016) or some idealised simulations of isolated disk galaxies (see e.g. Kulpa-Dybe l et al. 2011) . Rather, the small-scale structure in the vertical and radial magnetic field provides the first step to understand the variations in the Faraday rotation maps with position in the galaxy.
As a second step, we test the hypothesis that the Faraday rotation in the all-sky maps is dominated by contributions from the local environment around the observer. To this end, we compare the full signal integrated out to 50 kpc with the signal integrated out only to 5 kpc from an observer at the solar circle in Fig. 9 . Both maps resemble each other closely, in particular the large-scale structures of the full map that includes all contributions out to 50 kpc are already clearly present in the map that is integrated only to a distance of 5 kpc from the observer. This directly shows that it is the material within 5 kpc of the observer that dominates the Faraday rotation in our synthetic all-sky maps.
In addition, we look at the average distance for contributions to the integrated signal for a very large integration distance. We cannot directly do this for the Faraday rotation measure because of possible cancellations, i.e. contributions with different sign can cancel each other. Nevertheless, we can still get a general idea from looking at the average contribution to an integral of the electron density only and of the product of electron density and strength of the magnetic field. To this end, we show in Fig. 10 their average distanceweighted contributions defined as
and
The maps demonstrate that the average radius of the contributions to the electron density integral is r 10 kpc in the plane of the disk, but only about r ≈ 5 kpc for most of the areas above and below the disk. For the product of magnetic field strength and electron densities, the characteristic radius of the contributions above and below the plane of the disk drops to only a few kpc. This can be understood from the profiles in Fig. 1 that show that the magnetic field strength and the thermal electron density drop quickly for larger radii and heights. Of course, this result would only be directly representative for the actual Faraday rotation measure for a completely ordered magnetic field without any field reversals. However, it still is an indication that the contributions of the local environment (within a few kpc of the observer) to the line of sight integral of the Faraday rotation measure dominate the signal, consistently with our direct check in Fig. 9 . Together with the variations of the directions of the radial and vertical magnetic field components on similar scales, this naturally explains the qualitative variations of the Faraday rotation measure maps for different observer positions in our simulated galaxy shown in Fig. 2 . It also is consistent with the lack of variation in the synthetic maps towards the center of the galaxy, where the magnetic field is coherent.
The magnetic field structure of our simulated galaxy also indicates that there may be significant galactic variance in the magnetic field on larger scales, in addition to what is introduced by the turbulent component of the magnetic field (Planck Collaboration et al. 2016).
CONCLUSIONS
We have shown Faraday rotation maps of simulated galaxies from full cosmological simulations whose magnetic field strength and thermal electron density are consistent with the Milky Way. The strength of the signal is consistent with observations for both all-sky maps from an observer at the solar circle as well as from an observer outside the galaxy. We find, however, that there are large variations in the realisation of the Faraday rotation maps when the position of the observer is varied at the same distance to the center of the galaxy.
The main reason for the variations in the Faraday maps are variations in the radial and vertical components of the galactic magnetic field on scales of a few kpc and the fact that the Faraday rotation is dominated by contributions from the local environment out to a distance of a few kpc for most directions away from the galactic disk. Such a magnetic field structure disagrees with simple models of a galactic mean-field dynamo that predict the magnetic field of the galaxy to be dominated by a global dipole or quadrupole.
There are many potential reasons for this discrepancy. In principle, approximations in our baryonic physics model could influence the magnetic field structure of the magnetic field at late times. In particular the effective model for the interstellar medium and the phenomenological model for galactic winds could potentially alter their properties sufficiently to suppress or enhance a galactic dynamo that has been seen in some idealised simulations of isolated galaxies (see e.g. Kulpa-Dybe l et al. 2011) . In contrast, it is possible that the idealised conditions that allow the largest modes of the global magnetic field of a galaxy to dominate eventually may not be realised in galaxies in a realistic cosmological environment. In the future, cosmological simulations with more realistic physics models will be needed to analyse the formation of the late time large-scale magnetic field in more detail.
Moreover, our simple Faraday rotation maps and their analysis can only be a first step towards a much more sophisticated generation of full synthetic mock observations of galaxies from cosmological simulations. Then applying the same analysis as is done on observational data (e.g. Steininger et al. 2018 ) will allow for a fair comparison between simulations and observations. It also remains to be seen if the magnetic field morphology of our simulated galaxy -that is significantly more complicated than what is expected from simple galactic dynamo models -is consistent with all observational data, as mean-field dynamo configurations have been claimed to be (Braun et al. 2010) . Finally, detailed comparisons between cosmological simulations and observations will also be very important to understand forthcoming observations from new telescopes such as The Square Kilometre Array.
